Abstract-High-speed railway (HSR) brings convenience to peoples' lives and is generally considered as one of the most sustainable developments for ground transportation. One of the important parts of HSR construction is the signaling system, which is also called the "operation control system," where wireless communications play a key role in the transmission of train control data. We discuss in detail the main differences in scientific research for wireless communications between the HSR operation scenarios and the conventional public land mobile scenarios. The latest research progress in wireless channel modeling in viaducts, cuttings, and tunnels scenarios are discussed. The characteristics of nonstationary channel and the line-of-sight (LOS) sparse and LOS multiple-input-multiple-output channels, which are the typical channels in HSR scenarios, are analyzed. Some novel concepts such as composite transportation and key challenging techniques such as train-to-train communication, vacuum maglev train techniques, the security for HSR, and the fifth-generation wireless communications related techniques for future HSR development for safer, more comfortable, and more secure HSR operation are also discussed.
I. INTRODUCTION

W
ITH the fast development of high-speed railway (HSR) in the world, the maximum train moving speed has reached nearly 575 km/h, trialed by the French National Rail Corporation. With increased train speed, the issue of train operation safety has attracted more and more attention. The ground infrastructure (e.g., trackside equipment), the moving body (e.g., train), and the signaling system are in general the three main parts contributing to the HSR operation safety. Of these three parts, the signaling system, which is also called the train operation control system, is the key part and is regarded as the nerve center of the HSR system. A standard has been set up for the train operation control system, which is known as the European train control system (ETCS) for HSR and the communication-based train control (CBTC) system for subway [1] . To realize a safe operation of the HSR, a large number of studies on intelligent transport system applications have been conducted [2] - [6] . In order to make the train operation control system work better, maintaining a reliable communication link between the train and the ground, dedicated mobile communications play a key role. Such a communications system is called the global system for mobile communications for railway (GSM-R), a narrow-band communication system.
With the rapid growth of railway services, broadband communication systems for railway called long-term evolution for railway (LTE-R) will be deployed. Except for the train control data transmission, LTE-R is also expected to offer passengers services such as Internet access and high-quality voice or mobile video broadcasting. For instance, many wireless system deployments are currently being developed to realize driverless railway and subway systems, such as in New York, NY, USA; Paris, France; Malaga, Spain; and Singapore [7] . Another example of broadband communication application for railway is the radio communication systems that are devoted to providing Internet access to the train passengers. This is not a very common feature (as of today) because it is expensive to implement. However, some HSR operators begin to offer this service using ad hoc networks. On the other hand, telecommunications companies may extend its coverage area to railway tracks, permitting the passengers to access to it. This is very common in both subway and commuter trains. However, it cannot be considered as railway communications. One of the European HSR operators started in 2005 to offer Internet access to its customers [8] . The access technology was a 1524-9050 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
combination of satellite access and terrestrial access based on IEEE 802.11 [9] . There are many other technologies (in use or in the development stage) devoted to provide passengers withobtained from Zheng-Xi HSR lines in China show that the conventional Hata model prediction error may reach 20 dB. What causes such large prediction performance degradation?
The description in Sections II and III aims to provide an answer to this question. Except for the fundamental problems of wireless channel modeling, the working frequency band should be taken into careful consideration due to serious interference and security problem. The next-generation broadband wireless communication system for HSR and other related technologies should be also mentioned, as will be described in subsequent sections.
II. DIFFERENCES BETWEEN RAIL MOBILE COMMUNICATIONS AND PUBLIC LAND MOBILE COMMUNICATIONS
Some of the typical features for HSR must be addressed. Special propagation scenarios, high moving speeds over 300 km/h, higher requirements of quality of service (QoS), harsh electromagnetic environments, and interference are the main differences between rail mobile communications and public land mobile communications.
1) As is known, knowledge of the wireless channel is the fundamental basis for the planning of wireless communications network and the design of transceiver. A wireless channel has a close relationship with physical conditions, topography, and the surrounding environments. The typical railway environments are characterized by special scenarios such as viaducts, cuttings, tunnels, crossing bridges, railway stations, marshaling stations, and some combined scenarios such as the tunnels group and the combination of viaducts and tunnels. Based on the actual test data collected from Zheng-Xi HSR lines, conclusions are drawn that these special scenarios sometimes cause deep fading of the signals [30] , [31] . In addition, obstacles such as passing trains, arched grids, wind barriers, and the acoustic barriers along the railway tracks may cause extra path loss due to obstruction, reflection, diffraction, or scattering. This may be cast into the concept of urban furniture proposed by Gougeon et al. [32] , where the trees, and the wire rods, and the traffic signs, the street lamps in the urban areas are referred to as the urban furniture, which may cause the reflection or diffuse scattering loss. Similarly, the special scenarios along the railway lines can be regarded as the railway furniture. 2) High speeds over 300 km/h for HSR bring new problems that may not be encountered in highway traffic. In general, for highway traffic with moving speeds below 200 km/h, the wireless channel is often assumed to be wide-sense stationary uncorrelated scattering (WSSUS), which may not pertain for HSR. For one reason, when the speeds of the train are over 300 km/h, the wireless channel exhibits rapidly time-varying and nonstationary features. For another reason, the line-of-sight (LOS) component exists in the majority of the HSR scenarios, and the number of scatterers and obstacles is limited. Thus, the spatial correlation between different multipath elements can be large, resulting in the correlated scattering. Simulations have been carried out based on LTE Release 9 V9.2.0 [33] to verify fast variation of the wireless channel within one subframe of 1-ms duration. Fig. 1 (a) and (b), respectively, shows the amplitude and the phase variation of the signals versus LTE subframe number through the wireless channel. It is clearly shown in Fig. 1(a) and (b) that the channel varies quickly and randomly within one subframe. It is inappropriate to adopt the channel estimation method such as the linear interpolation method to estimate a rapidly varying channel since this method assumes the channel to be essentially constant over a subframe. This in another way to illustrate that the pilot design pattern presented in LTE Release 9 V9.2.0 cannot support high moving speeds. High mobility also introduces the high Doppler frequency shifts and spreads. If the train frequently moves between different physical environments, such as from viaducts to cuttings or tunnels, fast variation of the multipath structure results. This may introduce time-varying Doppler shifts superimposed on each multipath component, greatly increasing the difficulty of channel estimation and Doppler shifts estimation. The phenomenon of birth-death of multipath may arise. Moreover, frequent handover may happen when there is a high-speed train (HST) operation, which results in the drop calls or, more seriously, the interruption of reliable transmission of the train control signals.
3) The QoS requirements either in narrow-band communication system GSM-R or in broadband communication system LTE-R are somewhat higher than that of the public land mobile communication network, for example, GSM or LTE. Some performance evaluation indexes such as transmission interruption rate have never appeared in the GSM system. GSM is mainly used for voice communication, and it even allows for dropped calls occasionally. However, GSM-R is in charge of the train control signals transmission; hence, it requires much more reliable communication. In the standard of ETCS [1] , the QoS requirement for GSM-R should be satisfied with testability, controllability, reliability, effectiveness, maintainability, safety, and security. Note that dedicated mobile communications in HSR are for train operation control services. Taking the parameter of transmission delay for train control signals transmission as an example, correct train control signals should be transmitted within 10 s for HSR operation control system and within 3.6 s for subway operation control system. If the operation control system received no information or incorrect train control signals in a required time range, it will start the automatic train control mechanism, and the train or the subway may automatically stop. For another example, the call setup time for trunking communication services in LTE-R is less than 300 ms, whereas such requirement is 5 s in LTE system. 4) GSM-R in China uses the 883-to 889-MHz frequency band for the uplink and the 930-to 934-MHz frequency band for the downlink, as shown in Fig. 2 . This frequency band is shared with services offered by the operator of China Mobile. This can yield serious cochannel interference. The bandwidth of 4 MHz is divided into 19 frequency channels (from No. 999 to No. 1017). In a GSM-R network, the frequency reuse factor is from four to seven, which means that four frequency channels are available in each cell at most. The GSM-R system is required to support more and more services, such as train control, dispatching, and train and environment monitoring. Thus, the GSM-R frequency band will become more and more crowded, and the intrasystem interference is serious. WiFi technology is used in subway for train-toground communications in China. It operates at 2.4 GHz, an unlicensed frequency band, which will have serious interference and security problems. Moreover, there will be strong electromagnetic interference caused by the arched grid network used as train power supplies.
The previously mentioned explanations of the main differences between the rail mobile communications and the public land mobile communications will be further addressed by a review of the latest research on channel modeling under HSR scenarios. 
III. WIRELESS CHANNEL MODELING UNDER HSR SCENARIOS
Here, the latest progress in wireless channel modeling for HSR is presented. The scene partitioning for HSR, channel measurements, channel modeling for cuttings, viaducts and tunnels, and antennas modeling are discussed in detail.
A. Scene Partitioning for HSR
The path loss and multipath effects are in disparity under various propagation environments, leading to the impossibility of accurate pass loss predictions under different propagation environments with the same channel model. That is to say, radio wave propagation scene partitioning plays an important role in wireless channel modeling. Special HSR scenarios such as cuttings, viaducts, tunnels, and crossing bridges have significant impacts on the propagation characteristics. However, these HSR scenarios have rarely been investigated. Few channel measurements and standard channel models have actually been developed.
Several international organizations and related standards should be mentioned when we refer to the scene partitioning. International Mobile Telecom System 2000 defines nine terrestrial scenarios and four satellite scenarios [34] . The Universal Mobile Telecommunications System (UMTS) developed by 3GPP defines a smaller set of radio propagation environments, which adequately span the overall range of possible environments [35] . For practical reasons, these operating environments are an appropriate subset of the UMTS operating environments described in Recommendation ITU-R M.1034 [34] . The WINNER project group defines four typical scenarios, including in and around building, hot spot area, metropolitan, and rural scenarios. The only scenario appropriate for HSR defined in the WINNER project is the WINNER D2 model (rural moving network) [20] . However, this model has only one LOS path, inappropriate for most special HSR scenarios such as cuttings, tunnels, and crossing bridges. Moreover, the working frequency of WINNER D2a is at the 2-to 6-GHz frequency band, unsuitable for dedicated mobile communications network for HSR operating at 930 MHz.
As part of the latest work of the research group of Prof. Bo Ai, the HSR scenes are partitioned into 12 types. Detailed description about scene partitioning for HSR can be found in the literature [36] . Table I summarized the scene partitioning for HSR.
B. Channel Measurements at High Moving Speeds
Pass loss prediction modeling has a close relationship with the topography and the physical environments, whereas the multipath fast fading modeling has a close relationship with the moving speeds. High moving speeds make the work of the channel measurements more challenging. One scheme of channel measurements is the utilization of the existing GSM-R network. In order to pick up samples that can capture the fast fading characteristics, the distance between two adjacent fades should be, at most, λ/2, corresponding to a time interval of λ/2v, where v is 100 m/s when the train moves at the speeds of 360 km/h. Then, the sampling interval between two adjacent samples at 900 MHz should be [3 × 10 8 /(900 × 10 6 × 100 × 2)] ≈ 0.0016 s, which means 1600 samples per second. In this scheme, the measurement instrument is equipped on the train, receiving signals transmitted from the running communications network. The cells for HSR communications provide zonal coverage along the railway tracks and generally use five or seven different frequency channels for cell multiplexing. Therefore, if we want to pick up samples at the same frequency channel when the train moves along the tracks, it should have to pass through other four frequency channels, which means that the actual sampling rate should be 1600 × 5 = 8000 samples/s. Thus, this measurement scheme invokes strict requirement for the fast enough sampling rate of the measurement instruments.
Another scheme of channel measurement is the utilization of channel sounder, as shown in Fig. 3 [37] .
This measurement is conducted on Beijing-Tianjin HSR. The No. 0 high speed integrated inspection train (NHSIIT) at the speeds of approximately 240 km/h is employed. The transmitter antenna is equipped on the NHSIIT, whereas a large crane is adopted to equip the receiver antenna. The viaducts and roadbeds are covered with agricultural fields with no scatterers and reflectors around. The campaign is performed with Propsound channel sounder at a center frequency of 2.35 GHz with 10-MHz bandwidth. The transmit power is 37 dBm. Direct sequence spread spectrum signals are used to probe the channel. The receiver records the samples on a hard disk as raw in-phase or quadrature data. However, limited by the transmit power of the channel sounder, the measuring range has to be limited within about 2 km. In addition, this scheme cannot measure different communication links simultaneously.
It is noteworthy that both approaches fail to have a good tradeoff between reflecting the practical propagation channel characteristics and presenting a comprehensive description of the channel parameters. The channel measurement, particularly the MIMO channel measurement at high moving speeds, still remains to be an uneasy task. This is probably why the WINNER group fails to come to a definite conclusion on high Doppler shifts and no standard channel models for HSR at high moving speeds have been developed yet.
C. Channel Modeling Under Viaduct Scenario
Viaduct is the most common scenario for HSR. Viaducts, on average, make up 40% for a typical railway line [38] , [39] . The propagation channel of the viaducts is found to be greatly influenced by the physical environments, the directional BS antennas, and the viaduct height. In [41] and [42] , a special bottom area of the directional BS antenna in HSR is observed and defined, leading to a series of breakpoint models in the viaduct channels, e.g., the path loss is found to be a piecewise function of the distance with a break point at 400 m. Moreover, the path loss is also very sensitive to the viaduct height. In [40] , it is found that a higher viaduct leads to a larger path loss exponent n, and a simplified model is proposed, which is expressed as
where H and h are the viaduct height and the relative antenna height, respectively. The coefficients k can be obtained by using a regression fit. Equation (1) shows a very interesting phenomenon that, with the increase of the viaduct heights, the path loss exponents increase as well, different from our traditional ideas and observations. This is because a higher viaduct leads to fewer reflected and scattered components, with the reduced power at the receiver compared with that of the plain propagation. Following these observations in the measurements, He et al. proposed a path loss model covering both height dependence and distance dependence for the HSR viaduct scenarios in [38] . An example plot of the path loss model, together with the measurements, is shown in Fig. 5 , where the measurements were conducted on three 10-m-high viaducts of HSR line at 930 MHz. We can see that the proposed piecewise model in [38] and the measurements are in good agreement. The directional BS antenna leads to a breakpoint of the distancedependent path loss at 400 m, and the curve of the proposed path loss model fits the measurements well. The Hata model [29] and the WINNER model in D2 scenario [20] path loss curves are also plotted for comparison, where we can generally It is also noteworthy that a heuristic analytical propagation model using the geometrical optics and the uniform theory of diffraction is proposed [43] and is found to have good performance to predict the propagation pass loss under the viaduct scenarios. The shadow fading in the viaduct scenarios is found to follow the lognormal distribution [38] , [40] .
As for the small-scale fast fading in the viaducts, both the root-mean-square error distribution test [44] and the Akaike information criterion (AIC)-based evaluation [38] are used. It is found that the Ricean distribution outperforms the test and evaluation results. Similarly, the Ricean K-factor is also found to be a piecewise function of the distance due to the directional BS antennas in HSR. A detailed formulation is presented in [38] covering the effect of the viaduct height on channel characteristics. Moreover, the composite channel in the viaduct scenarios is analyzed and is found to follow a Suzuki distribution. As was reported in [38] , the viaduct reduces the severity of fading by providing clear LOS propagation with few received reflection and scattering components. A higher viaduct makes the reduction of the severity of fading more distinct.
D. Channel Modeling Under Cutting Scenario
Cutting is another common scenario in HSR. It is used on uneven ground, to help the HST pass or "cut" through large obstacles such as hills [42] , as shown in Fig. 6 . It ensures flatness of the railway lines. The regular cutting is very common today, where the steep walls on both sides of the rails have almost the same depths and slopes [43] .
The cutting has been divided into deep cuttings and shallow cuttings, and the typical structural parameters of ten groups of the cuttings in HSR are shown in Table II [46] .
In Table II , W up and W down are the widths of the top and bottom of the cutting, respectively. The widths of the cutting Fig. 7 . Akaike weights and the percentage of the best fit for four candidate distributions based on the measurements in cuttings, from [45] . and the depth H are found to be influential in radio wave propagation. In [45] , a set of statistical modeling methods based on the goodness-of-fit evaluation is proposed to examine the effect of the structure parameters of the cuttings on the propagation models. In [46] , the path loss models for the cuttings with different depths are provided. However, systematic investigations of the height dependence with sufficient number of samples to give statistically relevant results are still a task for future research.
An important feature of the cuttings is the rich reflection and scattering components caused by the steep walls on both sides of the railway tracks. Abrishamkar and Irvine regarded the cutting as an open area with low reflection [47] . However, based on the actual test data and theoretical analysis, He et al. proved that the conclusion is incorrect [45] . It is found that, although the high BS antennas create a relatively clear LOS channel, the steep walls on both sides introduce rich reflection and scattering components at the receiver. By using the AIC-based evaluation, the percentages of the best fit for four types of distributions are compared, as shown in Fig. 7 . The Ricean distribution has the best fit percentage of 68.39%. In the cutting scenarios, it is found to have a very low K-factor around 1.52 dB due to the rich scattering components [30] .
E. Channel Modeling Under Tunnel Scenario
Although many literature deal with the channel modeling inside tunnels, there are still two main problems unsolved. The first is the multimode waveguide mechanism, and the second is the breakpoint determination for different propagation mechanisms inside tunnels. Latest research has found many interesting phenomena inside the tunnels. One is the newly proposed concept of far line of sight (FLOS) in [48] . Mostly, the direct ray makes the main contribution to the received signal, with reflections contributing much smaller amounts. However, in some special environments such as the subway tunnel, with the increase of the distance between the transmitter and the receiver, the influence of the direct ray is becoming negligible, whereas the influence of the reflection is becoming considerable, leading to a special characteristic of delay distribution. The FLOS region is usually located 100-300 m apart from the transmitter inside tunnels.
Recently, it has been also found that the delay characteristic inside the subway tunnel is affected by the presence of the station, which changes the regular geometric structure of the tunnel, leading to extra reflection components and an increase in the delay spread [49] . In Fig. 8 , we present an example plot of the measured power delay profile (PDP) in the subway tunnels of Madrid [49] . The parameters of the classical SalehValenzuela model were derived to characterize the long delay clusters in the subway tunnels. Fig. 8 presents the measured PDPs at 2.4 GHz for LOS, non line of sight (NLOS), and FLOS regions in a 2600-m-long slightly curved subway tunnel. It shows that, in the subway tunnel, the 1-to 3-μs delay clusters (from the reflections caused by the station in the subway tunnel) are very strong, even in the LOS and FLOS regions. The measured large delay spread shows that the subway tunnel has large delay dispersion when the train is close to the station, which should be carefully considered when designing the subway communication networks. This observation is useful for the dedicated mobile communication network design within HSR tunnels, since there are also many railway constructions around the entrance/exit of the HSR tunnels, for example, the power lines and the pillars. These scatterers may lead to a large delay spread around several microseconds.
Another finding is the near-region phenomena inside tunnels based on the referenced antenna configuration on the train in a Madrid subway [50] . Along with the increase of the distance between the transmitter and the receiver, for the relatively small-size users (such as pedestrians and light cars), the free-space propagation mechanism appears first at the shortest distance, the multimode waveguide effect establishes later at slightly larger distance. For relatively large-size users (such as long trains in subway tunnel), the first appeared mechanism is the near shadowing. The corresponding definition and critical condition about near shadowing are presented in [51] . Then, the free-space propagation occurs before the waveguide propagation if LOS recovering is earlier than the end of the free-space propagation. Otherwise, the multimode waveguide propagation is behind the near shadowing effect; no free-space propagation exists. Fig. 9 shows the near-region phenomenon inside tunnels. In order to present a clear explanation for Fig. 9 , some introductions are given as follows.
• The channel path loss in the free-space propagation zone can be modeled by the free-space model. • The propagation loss in the near shadowing zone is modeled with the utilization of the principle of least squares curve fitting on the measured data in [52] . Details of the modeling and the related parameters can be found in [51] and [52] .
• The critical condition of the near shadowing phenomenon can be defined as the case that the widest part of the 60% of the first Fresnel zone is touched by the vehicle. • In the multimode propagation zone, a limited multimode model is utilized. By assuming the arched and circular tunnel approximated to an equivalent rectangular tunnel, the quantity and the type of modes are determined by the frequency and the structure of the tunnel. Then, by introducing two modified factors (the tilt loss and the roughness loss) [53] , the propagation loss at all the coordinates can be analytically calculated. Details can be found in [54] .
• Dividing Point 1 in Fig. 9 locates at the distance when the maximum first Fresnel zone touches any one of the tunnel walls. Details and simplified formulas of Dividing Point 1 in rectangular, circular, arched, and arbitrary crosssectional tunnels are given in [55] - [58] . This model has been validated by five groups of measurement campaigns conducted in various tunnels. Dividing Point 2 between the near shadowing zone and the next zone locates at the distance of the length of the large-size user. By assuming an equivalent rectangular or a circular tunnel, the location of Dividing Point 3 is defined as the distance where the second-fundamental modes have suffered one reflection from the vertical or the horizontal walls.
In Fig. 9 , the equations can be employed to realize fast communication network planning for various types of users. In order to keep good readability of this paper, the definitions and derivations of the equations are not presented here. However, details of all the cited equations and notations can be found in [59] . By making a brief review on the advancement of wireless communication systems, it is found that the near-region phenomenon inside tunnels lengthens considerably owing to the increase in working frequencies. Above all, almost all the channel models developed based on the measurements from one tunnel cannot be suitable for another one. There is a lack of commonly used channel models for tunnels.
Another special scenario for HSR, the crossing bridges are usually built over the cuttings to ensure necessary transportation for people around the HSR. The crossing bridge over the cutting leads to NLOS propagation within a short distance, causing an extra large-scale loss of about 5 dB [31] . However, there is no obvious change in the small-scale fading behavior caused by the crossing bridges [41] . For a high-speed moving train, this temporary change from LOS to NLOS will not significantly affect the fading behavior at the receiver. 
F. Antennas Modeling
The antennas modeling should be independent with that of the wireless channel modeling. These are two different things. One is for the exploration of the wireless channel characteristics, and the other is for the antennas performance evaluation. Many people misunderstand because the test data received by the receiver are affected by both the antenna settings and the channel conditions. The aim of the antennas modeling is to establish the relationship between the condition of the field strength coverage and the variation of the height, the angle, and the polarization of the antennas. As for multiantenna system such as MIMO system [3] , or the massive MIMO system [60] , which is regarded as one of the key technologies in fifthgeneration (5G) mobile communication systems, the relative position of different antennas and the degree of the correlation among different antennas are all contributing to the antennas modeling. Up to now, very few papers have dealt with the research of antenna array structure for HSRs.
In [61] , the authors conducted the research on the performance comparisons in terms of channel capacity when the antenna array has different forms, such as uniform linear array (ULA), uniform circular array (UCA), star, and uniform rectangular array (URA), as shown in Fig. 10 .
The ergodic channel capacity simulation results of four different antenna array configurations are shown in Fig. 11 . The channel capacity of each antenna array is simulated according to the real HST scenario. The simulation parameters are as follows. It is assumed that the BS is located 30 m away from the track. The carrier frequency is 900 MHz. The velocity of the train is set to be 360 km/h. Thus, the maximum Doppler shift is 300 Hz. The number of antenna elements is eight, the same in ULA, UCA, and URA. The star array has seven elements due to its symmetrical configuration. It is assumed that all these elements are vertically polarized and have an interelement spacing of 1λ, where λ is the wavelength of the light. The D2a scenario in the WINNER II channel model with LOS path has been adopted [20] .
From Fig. 11 , we can see that the performance of ULA is superior to all the other three antenna array forms when the simulation parameters are the same. The performance of ULA is also related with the azimuthal orientation of the array. In the other three types of antenna arrays, URA provides a better performance.
Based on the wireless channel characteristics in HSR, there is often one dominant LOS component and sparse multipath in the environment, generally degrading the MIMO performance. An optimal MIMO antenna, which is called reconfigurable antenna array, is designed in [62] to maximize the channel capacity in the low-rank LOS Ricean channel. An optimal MIMO antenna combination for HSR is proposed in [63] . It contains four types of parameters for MIMO antenna array configuration corresponding to the four different channel regions defined in [61] when the train runs toward the BS. For the optimal MIMO antenna and location, Christopher et al. [64] have carried out a vehicular (automobile) MIMO measurement to investigate the effect of antenna array location, roof, or two sides of the car on the MIMO system performance. The array on the roof can obtain more signal power. However, the diversity gain can be obtained if the array is located on the two sides of the car. A new tool, which is called "Virtual Drive," is developed by Reichardt et al. [65] , [66] . It consists of the vehicular environment, a traffic model, and a 3-D ray-tracing tool. With this software tool, different V2V or vehicle-to-infrastructure (V2I) scenarios can be simulated, and the channel is calculated by raytracing method to find an optimal MIMO antenna configuration.
Up to now, there have not been so many scholars or research groups paying their attention on the MIMO or the massive MIMO channel modeling for HSR scenarios. It is still on its way.
G. Availability of GIS Data
Detailed geographic data have to be made available in order to model the different scenes. On a large scale, such data are available for terrain height only using data retrieved, for example, from the Shuttle Radar Topography Mission (SRTM) [67] . Other data can be found using the framework of the OpenStreetMap initiative [68] . For example, such OpenStreetMapData have been used to model car-to-X-communication in urban environments [69] . Current publications describing the modeling of objects such as viaducts, crossing bridges, or train stations are using data that have been manually measured by a laser distance meter, e.g., [31] . When applying the corresponding propagation models, an effort has to be made to derive all relevant data at least in a semiautomatic way. Geographic information system (GIS) data are the fundamental basis for ray-tracing method, which is used for the software simulation of the actual physical scenes and the accuracy verification of the wireless channel models. Moreover, GIS is also very important for Global Positioning System (GPS) location in HSR [70] . For example, GPS-based train positioning can be used to detect the missing train compartments left on the railway tracks. Based on the location information of the missing train compartments, the dispatcher and the train driver can obtain prewarning messages to avoid the collision of the trains.
IV. CHALLENGING KEY TECHNOLOGIES FOR HSR COMMUNICATIONS
In addition to the wireless channel modeling for HSR, some challenging key technologies for future development of HSR should be paid more attention.
A. Working Frequency Band
As pointed out in Section II, GSM-R shares the same working frequency band with the public land mobile communication network, as shown in Fig. 2 , which will cause serious cochannel interference. With the increase of various railway services, the frequency resources will be seriously limited, particularly in railway hub areas. As for subways, some commonly unlicensed frequency bands such as 2.4 GHz used in CBTC systems may risk the integrity and confidentiality of the train control data.
With the emergence of the new services for HSR, the comfortable and humanized demands for future HSR development, broadband communications for HSR have come to the agenda. LTE system can achieve high capacity, low latency, and high reliability [71] . Twenty frequency bands have been defined by 3GPP for LTE frequency-division duplexing (FDD) and nine bands for LTE time-division duplexing [72] . IEEE 802.15 Task Group 4p has defined a total of 16 frequency bands [13] , including four bands between 161 and 220 MHz, one band at 450 MHz, seven bands between 770 and 928 MHz, and five bands between 4965 and 5800 MHz. With regard to the suggestions of LTE frequency band allocation from 3GPP, the planning and the usage of the LTE frequency band in China are shown in Table III .
From Table III , it is known that 700 MHz is used by the State Administration of Radio Film and Television of China. It is easy to realize a wide range of communication network coverage with low cost of construction. However, such frequency band is influenced by the national policies and difficult to be released. The 1.4-GHz frequency band has been used as the municipal LTE communication trial network for the subway system in China. If 1.4 GHz is adopted for LTE-R dedicated mobile communication network for train-to-ground communications, there will be serious cochannel interference. The 1785-to 1805-MHz frequency band has been allocated for the dedicated communications such as the Fire Bureau and the sea ports in economically developed eastern coastal areas. However, it is also possible to be allocated to LTE-R due to less interference and easy application of the frequency bands. As we know, the higher the working frequency band is, the larger the path loss and the more substantial the signal fading. Higher frequencies exhibit weaker diffraction capability, which is very important for the railway dedicated mobile communications. If 2.6 GHz is adopted, with typical transmit power levels, the radius of a cell is no more than 500 m, resulting in a dense layout of the BSs for HSR. This will cause a large investment and frequent handovers.
Above all, it is suggested that the 800-MHz + 1800-MHz frequency band dual mode is deployed for HSR dedicated mobile communications. The high priority service is working in the 800-MHz frequency band, and the low priority service is working in the 1800-MHz frequency band.
B. LTE for Railway
As GSM-R manufacturers said, the life cycle of GSM-R will be coming to an end in 2025, whereas the International Union of Railways (UIC) said that the development of the nextgeneration mobile communication systems for railway is to bypass third-generation mobile communications and come to LTE-R directly. As announced by both GSM-R manufacturers and UIC, however, LTE-R must be designed to be backward compatible with GSM-R. The IP packet network in LTE replaces the circuit domain data, whereas the voice services for railway are mainly supported by the circuit domain. Therefore, in the early stage of the construction of the LTE-R system, the packet data services and the multimedia services will be carried by the LTE-R network, whereas the voice services and the train control data services in the circuit domain will still be carried by the GSM-R network. With the gradual maturity of LTE-R, all the railway services will be then gradually transferred to the LTE-R system. Above all, the coexistence of LTE-R and GSM-R will be required for a long time.
What is the need for the development of LTE-R system for railways? The E-train project group of UIC has summarized over 200 kinds of communication services for railways [73] . As the investigation results from the E-train project concluded, to ensure the safe operation of the trains, to elevate the operation efficiency, and to improve the QoS, there are over 200 kinds of services: train dispatching, train control, train operation communication, safe video monitoring, wireless monitoring for the railway infrastructure, monitoring of the train state, remote fault diagnosis, automatic train operation, mobile ticketing, travel information, transportation and the tracking management of containers and dangerous goods, etc. These railway services requirements appeal to the coming era of the railway broadband mobile communications.
LTE-R is not just a simple move from LTE for public land mobile communications network to the railway environments. It has some differences from public LTE in the aspects such as radio propagation environments, network layout, services, and QoS requirement. Based on LTE communication network architecture [74] , the suggested architecture for LTE-R is shown in Fig. 12 , consisting of only two user-plane nodes (EnodeB and S/P-GW), simpler than GSM-R. The handovers between EnodeBs are handled over the X2 interface rather than in the BS controller. There is a lack of maturity on time-division LTE (TD-LTE) in high moving speeds of HST. Therefore, the hybrid network mode of TD-LTE and LTE FDD for railways is required.
Due to the high mobility and high requirements of QoS, the key technologies for LTE-R include the fast synchronization, the channel estimation and equalization, the Doppler shift estimation and correction, the wireless channel modeling, and the MIMO technique with strong correlation property. The frequency band used by the next-generation railway mobile communication network is higher than that by the GSM-R network, resulting in a much smaller distance between two adjacent BSs. Thus, frequent handover appears, and a fast handover technique with high reliability is needed.
Based on the special services requirements for railways and the typical characteristics of broadband communications, the preferred performance indexes for broadband communications of railways are given, although, up to now, there are no agencies or research teams giving such parameters. What we have listed in Table IV are for reference only.
C. Nonstationary and LOS Sparse Channel
High mobility leads to the violation of WSSUS condition for wireless channel under HSR scenarios. Nonstationary channel is a very interesting issue with great value for the selection of physical layer technologies such as synchronization, channel estimation, and equalization. It has been mentioned in Section II that high-speed moving train will pass through many combined scenarios within a very short time interval. How to determine the boundaries of stationary channel regions and how to deal with such fast-varying channel for the receiver are very crucial and challenging. Birth and death process of multipath with Markov chains may be utilized to describe such phenomena.
With the development of intelligent transportation system [75] , [76] and the LTE-R system, MIMO system under highspeed rails scenarios has becoming a hot topic. Under most HSR scenarios, the BSs are located less than 30 m away from the tracks, and most of the BS antenna heights are more than 30 m; hence, the LOS component exists in the majority of the HSR scenarios, and the scatterers are limited, revealing sparse channel characteristics. The spatial correlation between multiantennas elements is high owing to the linear dependence of the LOS rays' phases on the receive elements. Then, the concept of LOS MIMO appears. The effectiveness of using multiple antenna is demonstrated in LOS propagation environments [77] - [79] . The LOS MIMO channel under HSR scenarios has its own characteristics, which needs to be approached in a different way. It is randomly time varying: its identifiability from the measurements, the statistical characterization, and the modeling is rather challenging [80] , [81] . In [82] , single-bounce scattering is assumed for both fixed and moving scatterers. The high mobility of the transmitter, the receiver, and the surrounding vehicles results in time-variant angles of departure and angles of arrival (AOAs). This fact makes the model nonstationary. A nonstationary wideband geometry-based stochastic model (GBSM) for MIMO under HST channels is presented in [83] . In [84] , the wideband LOS MIMO channel models under HSR scenarios were investigated, and the analysis was based on a training and communication scheme employing signaling over orthogonal short-time Fourier (STF) basis functions, which STF signaling naturally relates sparsity in delay Doppler to coherence in time and frequency. A novel wideband MIMO channel model, which is referred to as the structured model, based on the eigenvalue decomposition of the wideband channel correlation matrix is presented in [85] . A GBSM channel model based on the tapped delay line (TDL) for wideband MIMO mobile-to-mobile Ricean fading channels is proposed in [86] , which has the ability to study the impact of the vehicular traffic density on channel statistics with different time delays.
An interesting issue for LOS MIMO is the maximization of the channel capacity. Under the HSR LOS MIMO scenarios, the channel is normally rank deficient owing to the correlated mutipath. To overcome this problem, the reconstruction of the antenna array can be employed, where the antenna elements are positioned to preserve orthogonality, hence maximizing the channel rank [87] - [91] . To investigate the characteristics of the LOS MIMO system, a suitable channel model is required. It is common for an LOS MIMO channel response matrix to be modeled as
where H denotes the LOS MIMO channel response matrix, modeled by the TDL model. H LOS is the channel coefficient corresponding to the free-space responses between all elements. H NLOS is the NLOS channel coefficient due to reflection, diffraction, and scattering from the transmission environment. K represents the Ricean K-factor converted to linear scale. The validity of the maximum capacity criterion applied to realize the LOS MIMO channel is investigated for HSR scenarios [63] . In [62] , a versatile methodology for maximizing LOS MIMO capacity at any operating signal-to-noise ratio is presented. Numerical results demonstrate that, by simply adjusting antenna spacing as a function of the distance, the orientation, and the spacing of the arrays, significant capacity gains are achievable.
D. T2T Communication
Train-to-train (T2T) communication is proposed as another auxiliary safety-guaranteed measure for HSR communication. It is first presented by Garcia et al. [92] . This idea was originally from the automatic identification system, the traffic alert and collision avoidance system, and the car-to-car communication system. In [92] , the authors described an overview of the state of the art in railway collision avoidance for maritime transportation, aircraft, and road transportation, proposing a channel model for direct T2T communication appropriate for 400 MHz. Although the presented system has gained some progress in physical layer design, it only supports the train operation velocity lower than 200 km/h at 400 MHz, which is not suitable for the HSR with the moving speeds over 300 km/h at 900 MHz.
Different from the traditional views, Fig. 13 gives a block diagram of a more general and comprehensive concept of widesense V2V (WSV2X), which is defined by including not only V2V and V2I communications but also train-to-X (T2X) communications constituted of T2T and train-to-infrastructure (T2I) communications. The idea behind the WSV2X communications is the deployment of wireless communication technology in vehicular and railway networks. In this manner, the vehicles, trains, and infrastructures build up a wireless network enabling them to exchange controlling and traffic information such as road obstacles and accidents via the wireless communication links. Over the past few years, V2X and T2I, respectively, have gained popularity in their attempts to improve road safety and railway safety. However, the development of the T2T channel is not so booming as the other components (V2V, V2I, and T2I) of WSV2X; thus, very limited publications can be found, and many technical challenges still remain in T2T communications. For instance, there is only the T2T channel information at 400 MHz, but not at 900 MHz for GSM-R or 1800 MHz for LTE-R or 2.4 GHz for CBTC.
E. Other Key Technologies for Future HSR Development
Composite Transportation: The concept of composite transportation has been developed in recent years, which means that the future intelligent transportation network will take the HSR, the subway, and the road as a whole transportation network. For instance, GSM-R network and WiFi technology are used for HSR and subway train-to-ground communications, respectively. However, the next-generation train-to-ground communication system for both HSR and subway will be based on LTE/LTE-A system. Just as the architecture development team from the Research Innovation Technology Administration said in their report [93] , wireless communications will be the most enabling technologies in the composite transportation network. How to design the communication network architecture and related key technologies of different layers will be a challenging task.
Multipath Birth-Death for Combined Scenarios: Along the HSR lines, there are many combined scenarios, for example, the tunnels and the viaducts, the cuttings and the train stations [94] , [95] , and the viaducts and the crossing bridges [96] . Serious fading may occur under the combination of these scenarios. Therefore, it is of importance to conduct the research on the multipath birth-death for these combined scenarios. Also worthy of study is the determination of the demarcation points of the multipath birth-death for these combined scenarios.
SON for Railway: Another advanced and important key technology for LTE-R is the self-organizing network (SON). With this technology, LTE features will be available for managing, configuring, maintaining, and optimizing the LTE-R communication network [97] . Intensive research activities are currently running, for example, in the European FP7 project SEMAFOUR [98] , for public heterogeneous cellular networks. Within the scope of these projects, the aspects of users with high mobility are investigated. A future research direction for LTE-R will be in the area of developing SON algorithms dealing with specific aspects of HSR. Examples are the optimization of handover parameters, operations of heterogeneous networks consisting of GSM-R and LTE-R, as well as mechanisms to guarantee a robust and reliable operation.
Internet of Things for Railway: Sometimes, the debris flow, the broken bridges, the subsidence, and the serious weather conditions will have great influence on the train operation safety. Hence, it is a good idea for future HSR development to equip the railway with Internet of Things to predict and avoid these coming accidents. For instance, Japan has developed the earthquake warning system for her HSR systems [99] , [100] .
Social Network Application for HSR: Social networks such as Facebook, Twitter, LinkedIn, and ResearchGate have been widely used in peoples' everyday life. They facilitate the information transfer and communications between people. We have discussed how to implement social networks for HSR services [101] , for example, how to book a train ticket, how to deal with the emergencies on the train, and how to know the tourism attractions and local customs where the train passes. All these can be realized with the utilization of the social network on the train. Then, how to design the architecture and key technologies of such social network and how to realize the intelligent management of the social network on the train remain to be an uneasy task.
Vacuum Maglev Train: It is estimated that the moving speeds of the vacuum maglev train is from 600 to 3000 km/h. The pipeline carrying the train is considered to be vacuum in theory, although, we should note that this is often an ideal condition. Then, designing the key technologies for such a new system and understanding the channel conditions in practice remain to be a challenging task [102] .
Security for HSR: This will definitely be a key point for future development of HSR. The security of the train control data is very crucial, particularly for the WiFi-technology-based train control data transmission system, where the unlicensed frequency band is used. Up to now, there has been few research on the security of train operation control data and the user information security for HSR [103] .
Fifth-Generation Communications for HSR:
The research for the 5G communications system is now on its way. The European Union, the United States, Korea, China, and Japan have developed their organizations for 5G development. HSR scenarios have been recognized as one of the typical scenarios for 5G [60] . Therefore, related key technologies such as massive MIMO technique [104] and the corresponding channel modeling should be paid more attention.
V. CONCLUSION
HSR is developing very quickly, particularly in France, Germany, Japan, Spain, and China. The United States is ready to develop its first HSR in California. Safety, reliability, high efficiency, environment friendliness, comfort, and humanization are the goals of future HSR development. For this application background, we described in this paper some challenging key points on wireless communications for HSR scenarios.
The differences between communications under HSR scenarios and that of public land mobile communication networks were discussed in detail. Particularly for the broadband communication systems, there are still many constraints such as the required working frequency band versus very limited frequency resource, the nonstationary channel and the Doppler effects deteriorating the performance of OFDM-based wireless access methods, the LOS sparse channel restricting the benefit from MIMO techniques, and complex propagation scenarios complicating the mobile channel. Hence, to provide the broadband wireless services in such a high-mobility environment, additional research is required, such as high-resolution analysis in the time/space/frequency domain, quantification of propagation path life and evolving path trajectories, coherence of environments, dynamics of channel responses, handover schemes, and fast power control under high-mobility environments. These are very meaningful for future HSR development. From 1990 to 1994 he was with the Institut für Höchstfrequenztechnik und Elektronik, University of Karlsruhe, where he worked on wave propagation modeling, radio channel characterization, and radio network planning. Since 2003 he has been a Professor of mobile radio systems with Technische Universität Braunschweig, Braunschweig, Germany. His working areas include propagation, traffic, and mobility models for automatic planning of mobile radio networks, self-organization of cellular networks, carto-x communications, and indoor channel characterization for high-speed shortrange systems, including future terahertz communication systems and accuracy of satellite navigation systems. He has been engaged in several international bodies such as ITU-R SG 3; UMTS Forum Spectrum Aspects Group; COST 231/273/259, where he chaired the working group "Network Aspects"; COST 2100; and COST IC 1004. He participated in many European projects. 
